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FOREWORD 
This paper contains the  f igures  and accompanying n a r r a t i v e  mater ia l  from t h e  
presentat ion t o  the  thermal panel a t  the NASA Space Stat ion Technology 
Workshop held i n  W i  liamsburg, V i rg in ia ,  March 28-31, 1983. The 
presentat ion summar zed thermal analysis, opt imizat ion,  and software 
research and development a t  the NASA Langley Research Center which i s  
appl icable t o  a n a l y t i c a l  design ca lcu lat ions for  space s t a t i o n  structures.  
Topics discussed inc lude in tegrated thermal -s t ruc tu ra l  software, improved 
thermal r a d i a t i o n  analysis, so lu t ion  techniques f o r  t rans ien t  temperatures, 
u n i f i e d  thermal-s t ructura l  f i n i t e  elements, thermal-structural  s e n s i t i v i t y  
analysis and opt imizat ion,  and concept and performance analysis f o r  heat 
p i  pes. 
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LANGLEY RESEARCH CENTER 
The Thermal Analysis Research a t  Langley which will be discussed herein and i s  
sppl icable t o  space s t a t i o n  technology needs i s  being ca r r i ed  out p r i m a r i l y  i n  
the Structures D i  rectorat@. Some re la ted  thermal ork which i s  involved w i t h  
jeveloping software f o r  systems analysis and trade studies i s  the responsib i l -  
i t y  of the Spare Di rectorate and will  be b r i e f l y  discussed. Figure 1 
indicates the ove ra l l  Langley organization, the p r inc ipa l  missicins of the 
wganizations and p a r t i c u l a r l y  f o r  the purpose of  t h i s  presentat ion the 
-esponsibi l  i t i e s  o f  the Structures and Space Directorates. 
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LANGLEY R&T EFFORTS RELATED TO SPACE STATION THER 
gure 2 contains a breakdown sho i ng the research and techno1 ogy act4 v i  t i es 
rectorates.  
d Aeroe las t lc i t y  Divsion and the Space Systems Divis ion.  
e Structures and Dynamics D i v i s i o n  and the  Mater ia ls  D i v i s i o n  i s  being 
vered i n  other panels a t  t h i s  workshop. 
thermal-related areas being performed i n  the Structures and Space 
The work t o  be described here in i s  p r i m a r i l y  t h a t  of the Loads 
Related work i n  
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ELEMENTS AND INTERACTIONS I N  THER L-STRUCTURAL AMALYSIS 
As a guide t o  subsequent discussions o f  research i n  thermal-s t ructura l  
analysis of space structures,  f igure 3 depicts various aspects of the 
analysis. Key areas o f  research inc lude e f f i c i e n t  view fac to r  and f l u x  
ca lcu la t ions  and proper accounting f o r  in teract ions.  Two important 
in te rac t ions  c i t e d  are the need t o  simultaneously monitor and contro l  the 
temperature d i s t r i b u t i o n  and shape of f l e x i b l e  o r b i t i n g  s t ructures such as 
antennas and the need t o  evaiuate the coupl ing between thermal deformations 
and rad ia t ion  view factors  i n  f l e x i b l e  structures.  
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Figure 3 
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INTEGRATED ANALYSIS MD OPTIMIZATION 
The guiding s t ra tegy f o r  development o f  in tegrated analysis and opt imizat ion 
capabi 1 i ty  i s  t o  f i r s t  develop sound analysis nethods for thermal, s t ruc tu ra l ,  
:;ensitivity der ivat ives,  etc. The methods are used t o  upgrade e x i s t i n g  
c a p a b i l i t y  which can i n  t u r n  be in tegrated i n  a m u l t i d i s c i p l i n a r y  analysis and 
opt imizat ion system ( f i g .  4). Design studies provide guidel ines on modeling 
techniques for thermal -s t ruc tu ra l  analysis and lead t o  assessments of analysis 
methods by comparison w i th  ava i lab le  t e s t  data. These studies should not be 
confused w i th  the systems and trade studies c a r r i e d  out by the Space Systems 
D i  v i  s i  on a t  Langley. 
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ELEMENTS OF RESEARCH PROGRAM FOR THERMAL ANALYSIS AND OPTIMIZATION 
Figure 5 l i s t s  the elements o f  the research program a t  Langley and serves as 
an o u t l i n e  of the remainder o f  the presentation. 
placed on the implementation o f  the concept of integratet i  f in i te -e lement  
thermal - s t ruc tu ra l  analysis. The vehic le fo r  t h i s  implementation i s  the SPAR 
thermal analyzer. The development and incorpora t ion  o f  an e f f i c i e n t  r a d i a t i o n  
view fac to r  cornputationa; module i s  ;i p r i n c i p a l  step i n  t h i s  impfementation. 
Research i n  improved so lu t i on  methods (a1 gor i  thms) and approximate techniques 
such as the reduced basis method i s  aimed a t  speeding up the ca l cu la t i on  o f  
temperatures i n  complex structures. Improvements i n  thermal modeling are 
focused on u n i f i e d  thermal s t ruc tu ra l  f i n i t e  elements i n  which the output from 
a thermal f i n i t e  element i s  t a i l o r e d  t o  the requiremerts o f  the s t ruc tu ra l  
f i n i t e  element used f o r  the subsequent stress and deformation analysis. 
S e n s i t i v i t y  analysis methods are geared toward prov id ing  engineering data on 
the  e f fec t  of s t ruc tu ra l  o r  mater ia l  property changes on the thermal and 
s t ruc tu ra l  response. Thermal - s t ruc tu ra l  op t im iza t ion  research i s  a subset o f  
a la rger  program t o  apply op t i n i za t i on  methods t o  m u l t i d i s c i p l i n a r y  problems 
(an area being covered i n  the s t ruc tu res  panel). 
concept o f  heat-pipe sandwich psnels and ana?ysis mthods f o r  heat pipes i s  
being pursued. 
A major emphasis i s  k i n g  
F i n a l l y  some research on the  
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THERtaAL-STRUCTUP ?L ANALYSIS CAPABILITY Of. IELOPNEMT 
Our approach t o  develoGing and v a l i d a t i n g  thermal -s t ruc tu ra l  analys is  
c a p a b i l i t y  ( f i g .  6) i s  t o  f i r s t  i d e n t i f y  needs and then evaluate (wl th  smali 
study codes) e x i s t i n g  methods which are i d e n t i f i e d  o r  new methods conceiveo t o  
meet the needs. 
encouraging) by i n s t a l l a t i o n  i n  the SPAR/EAL programs so t h a t  they can be 
f u r t h e r  evaluated on la rge prob!ems which w i l l  challenge the methods. The 
c a p a b i l i t y  i s  then ready i n  SPAR/EAL f o r  f u r t h e r  use. 
process i s  an improved radiat io l !  view fac to r  capabi l i ty .  The process has 
reachcd the f i n a l  R&T s t e p - - i n s t a l l a t i o n  o f  the capabi l ' ty  ir, SPAR. 
These evaluat ions are fo l lowed (provided the evaluations a 1 
An example of  the above 
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OVERALL APPROACH 
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SPAR THERMAL ANALYZER 
To provide a general in-house in tegra ted  thermal -s t ruc tu ra l  analysis 
capab i l i t y  the Langley Research Center has had the SPAR Thermal Analyzer 
developed under contract  by Engineering Informat ion Systems, Inc. (EISI). The 
SPAR Thermal Analyzer i s  a system o f  f in i te-element processors f o r  performing 
steady-state and t rans ien t  thermal analyses. The processors communicate w i th  
each other through the SPAR random access data base. 
Ixecuted, a l l  per t inen t  source data i s  extracted from the data base and 
resu l t s  are stored i n  the  data base ( f i g .  7). 
The tabu la r  input (TAB), element d e f i n i t i o n  (EL01 and ar i thmet ic  u t i l i t y  
system (AUS) processors are used t o  describe the f in i te-element model. 
data base u t i l i t y  (DCU) processor operates on the data base. The p l o t t i n g  
wocessors (PLTA, PLTB) provide the capabi 1 i t y  t o  p l o t  the f i n i  te-element 
node1 f o r  model ve r i f i ca t i on .  The thermal geometry (TGEO) processor performs 
jeometry checking of the therwal elements and t o t a l  model. The thermal 
wocessor f o r  steady-state analysis i s  denoted SSTA and the t rans ien t  analysis 
irocessors using the e x p l i c i t  algorithm, i m p l i c i t  algori thms w i t h  f i x e d  t i m e  
i tep, and i m p l i c i t  algori thms w i th  var iable tinie steps are denoted TRTA, TRTB 
2nd TKTG, respect ively.  I n  add i t i on  there are several processors not shown i n  
:he f i gu re  f o r  ex t rac t ion  o f  thermal fluxes, system matrices and system 
Iperat ing charac ter is t i cs .  
The processors may be executed i n t e r a c t i v e l y  o r  I t ,  a batch made. A t y p i c a l  
tna lys is  i s  usual ly performed as a sequence o f  i n te rac t i ve  and batch 
>perations where model developrnM, and v e r i f i c a t i o n  i s  performed i n t e r a c t i v e l y  
tnd actual thermal ca lcu la t ions  performed i n  batch mode. The program operates 
)n UNIVAC, CDC, PRIME, and VAX computers. 
As each processor i s  
The 
'he dotted box a t  the bottome f o  the f i gu re  indicates tha t  a d i r e c t  connection 
I S  ava i lab le  t o  the EAL/SPAR s t ruc tu ra l  analysis program, thus prov id ing  a 
:ompati b l e  integrated thermal - s t ruc tu ra l  analysis too l .  
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BAS I C  CAPAB I L I TY AND CHARACTER I STlCS OF SPAR 
;he ove ra l l  c a p a b i l i t y  and cha rac te r i s t i cs  of the SPAR/EAL system are 
iumar ized i n  f i g u r e  8. The general -purpose product ion- level  character uf the 
iystem along w i th  i t s  f l e x i b i l i t y  make i t  especia l ly  useful  f o r  in-house 
*esearch applications. A number o f  other organizations w i t h l n  and outside 
lASA are also showing i n t e r e s t  i n  SPAR. O f  p a r t i c u l a r  note,  AS^ D ~ ~ $ ~ n  
: l igh t  Research F a c i l i t y  made extensive use of  SPAR f o r  Shutt le t ~ ~ ~ m ~ l  
i na l ys i s  and have since adopted it as t h e i r  primary thermal analysis computer 
wogram. 
The SPAR thermal analyzer i s  maintained by EISI under Langley contract  and new 
:apabi l i ty  devefoped i n  our research program i s  i n s t a l l e d  i n  SPAR under t h i s  
:ontract. Current and fu tu re  tasks f o r  implementation of new c a p a b i l i t y  are 
shown i n  f i g u r e  9. 
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NEW RADIATION VIEW FACTOR CALCULATION TECHNIQUE 
A research grant w i th  the Un ivers i ty  o f  taashington has produced an e f f i c i e n t  
view fac to r  computer program f o r  radiant heat t rans fe r  analysis. The program 
has been exercised f o r  a thermal model of the Long Duration Exposure F a c i l i t y  
d, t o  be ca r r i ed  i n  the Space Shut t le  (see f i g .  10). To do the 
radiant heat t rans fe r  analysis, rad ia t i on  view fac to rs  must be calculated f o r  
more than 400 in te rna l  surfaces o f  the payload. The view fac to r  ca lcu la t ions  
f o r  LUEF are complicated by the i n te rna l  re in fo rc ing  s t ruc tu ra l  members which 
produce more than 100 in te rna l  surfaces which p a r t i a l l y  block rad ia t i on  
between the outer surfaces. More than 60,000 view fac to rs  must be 
calculated. Previously, view fac to rs  were calculated using a nonoptlmimed, 
in-house computer program which based ca lcu la t ions  on summing a la rge  number 
o f  piecewise-constant approximations t o  the surface i r i tegra ls  which def ine the 
view factors.  This computer program required about 30 hours on the CDC-6600 
computer. The Un ivers i ty  o f  Mashington program required about 30 minutes on 
the Cyber 203 computer. Since the Cyber 203 computer i s  about twice as f a s t  
as the CDC 6600, the new program decreased computer time by a fac to r  o f  about 
311. The increased speed i n  the Un ivers i ty  o f  Washington program i s  p r i m a r i l y  
due t o  the use o f  a contour i n teg ra t i on  algor i thm which i s  considerably fas te r  
than the surface i n teg ra l  technique used i n  the in-house program. 
c a p a b i l i t y  t o  include so la r  rad ia t i on  and umbra-penumbra e f f e c t s  i s  planned 
f o r  incorpora t ion  i n t o  the view fac to r  prograin. 
w i l l  be put i n  the COSMIC system and as previously mentioned i s  being 
incorporated i n t o  the SPAR thermal computer program. 
The 
The new view fac to r  program 
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ALYSIS TIME REDUCED BY I ~ ~ R O V E D  SOLUTIO 
One important element o f  t he  Langley research program has been the 
n and v e r i f i c a t i o n  o f  e f f i c i e n t  so lu t i on  algorithms, A set of 
e Q M I B  t e c ~ n i ~ M e  i s  the a b i l i t y  t o  adapt ively vary the step 
u t  the temperature h is tory .  As ind icated i n  Figure 11, various 
r e  used t o  t race  the 3500-second temperature h i s t o r y  i n  a sect ion 
denoted GEAR16 has been i n s t a l l e d  i n  SP R. The desi rab le 
o r b i t e r  wing. Two models were considered: a two- 
dimensional sect ion through the wing depth and a one-d~m@nsio~al  p ug through 
the center of the two-dimensional model. Calculat ions f o r  each model 
c a r r i e d  out using e x p l i c i t  Euter and i m p l i c i t  backward di f ferences as 
GEARIB. The e x r l l i c i t  a lgor i thm is burdened by the need t o  take small 
steps (i.e., 0.5 stc:?':!~) to  avoid numerical i n s t a b i l i t y .  The backward 
di f ferences a l ~ : r : , m  a la rger  but f i x e d  time step o f  1.0 second 
(determined 5, x u r c . ' y  cordj idkrat ions). The GEAR16 algorithm, by ad 
changing ; t s  t lw.  s+,ep t o  i s  much as 218 seconds, obtained so lut ions 
significant!: lesr  cmpute: t ime than the t o previous methods. Addi 
resu l t s  (not shc wn) k c x  c t t i i i ned  using a lumped-parameter thermal analyzer 
(MITAS) and iwfi#*..kd t b i z  for  consistent mde ls ,  so lu t i on  mthods,  and 
accuracy level:. '?-Z and Y ! T S  so lu t i on  times a r e  comparable. Thus, i t  i s  
expected t h a t  u ' e  of GEPRI': i n  t h i s  type of analyzer would lead t o  e f f i c i e n c y  
improvements si, .r i iar t o  1.60se obtained i n  the f in i te-element program. 
_ .  . . 
SOLUTiON TIMES* FOR 3500 s TEMPERATURE HISTORY 
\ 
MODEL 1D PLUG 2 0  SECTION 
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APPLICATION OF REDUCED-BASIS THOD TO TRANSIENT THERML ANALYSIS 
Along w i th  implementing fmproved so lu t i on  algori thms such as GEARIB, work has 
been i n i t i a t e d  t o  dwe lop  approximate analysis techniques which have po ten t i a l  
f o r  s i g n i f i c a n t  reductions i n  so lu t i on  e f f o r t .  One such method i s  the 
reduced-basis t xhnique which combines the c lass i ca l  Rayleigh-Ritz 
approx~mation 
ve rsa t i  1 i t y  as the degrees of freedom are reduced. The ef fect iveness of the 
method depends upon representat ion of loca l  temperatures by a few modes or 
basis vectors. The reduced-basis technique has been a c c e s s f u l l y  appl ied t o  
the problem i l l u s t r a t e d  i n  f i g u r e  12. 
segment o f  the lower surface o f  the Space Shutt le wing and consists o f  a 
119-mil.-thick aluminum sk in covered by 1 in. o f  insu lat ion.  The combined 
s t ruc tu re  was modeled w i th  two-dimensional, f i n i  te-elements w i th  84 node 
points  (84 degrees o f  freedom). A heat pulse reasonably representat ive o f  
Shut t le  reentry was appl ied t o  the surface and produced temperatures where 
rad ia t i on  becomes appreciable. Addi t ional ly ,  the thermal propert ies o f  the 
i n s u l t a t i o n  are nonl inear funct ions of  temperature and ambient pressure so 
A t o t a l  o f  23 thermal 
mode shapes were selected f r o m  solut ions o f  two thermal eigenvalue problems: 
the f i r s t  based on mater ia l  proper t ies evaluated f o r  uniform temperatures a t  
560°R, and the second based on temperatures f r o m  a steady-state problem wi th  
averaged heat ing and thermal propert ies. The r e s u l t i n g  temperatures are 
conipared w i th  temperatures obtained from a SPAR thermal analyzer so lu t i on  o f  
the f u l l  system o f  84 equations. The temperature h i s t o r i e s  shown on the 
f igure agree very well  and ind i ca te  tha t  the reduced-basis technique can 
approximate temperatures from the f u l l  system w i t h i n  2Q0R over the  e n t i r e  heat 
pulse. E f f o r t s  w e  cont inuing t o  f ind  the minimum number o f  basis vectors f o r  
acceptable temperatures and t o  demonstrate the technique f o r  l a r g e r  problems. 
Work i s  underway t o  apply the reduced-basis technique t o  the space antenna 
shown i n  the f igure.  
i t h  contemporary f in i te-element methods t o  r e t a i n  modeling 
This problem represents a 58-111. 
t t rans fe r  equations are h igh l y  nonliriear. 
C i + E ( T = Q  
IN (I, THAN IN T T = rg 
PROFILE 
c s-l--L-L 
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UNIFIED VERSUS COWV€WT~~~AL PPROACH TO THER AL-STRUCTU WAL AWALY S IS 
Figure 13 i l l u s t r a t e s  the concept of u n i f i e d  thermal-structural  f i n i t e -  
element analysis and how it d i f f e r s  from conventional thermal - s t ruc tu ra l  
analysis. I n  i;he conventional approach, a f i n i t e -d i f f e rence  (lumped 
parameter) analysis prodbces temperatures a t  the centroids o f  the lumps. 
temperatures are supplied t o  the f in i te-element s t ruc tu ra l  model 
s t r u c t u r a l  analysis can be performec, i t  i s  necessary t o  t rans fe r  the 
temperatures t o  the g r i d  po ints  or elements o f  the f in i te-element g r i d  
points. Because o f  the d i f ference between the thermal and s t r u c t u r a l  models 
(they are based on d i f f e r e n t  modeling pbifosophies and the g r i d  po ints  are n o t  
co-located) , the temperature d i s t r i b u t i o n s  i n  the s t r u c t u r a l  model are not 
f a i t h f u l  representations of  the d i s t r i b u t i o n s  from the thermal analysis. I n  
most cases, a l i n e a r  representation i s  used. Consequently, inaccuracies i n  
the thermal forces may be s i g n i f i c a n t  enough t o  cause large errors  i n  
s t r u c t u r a l  responses. 
The 
Before the 
I n  the  u n i f i e d  approach, the thermal and s t r u c t u r a l  analyses both use f i n i t e -  
element models. The two models need not be the same since i n t e r p o l a t i o n  can 
be used t o  tracsform temperatures f rom one f in i te-element g i r d  t o  another. 
The temperature d i s t r i b u t i o n s  from the thermal analysis are t ransferred t o  the 
s t r u c t u r a l  analysis model and the same computer program i s  used for both 
analyses. Thus, i t  i s  possible t o  achieve a much higher accuracy i n  the 
c a l c u l a t i o n  o f  the thermal forces and the r e s u l t i n g  s t ruc tu ra l  response. 
The graphs i n  the lager center o f  the f i gu re  i l l u s t r a t e  the increased accuracy 
r e s u l t i n g  from a u n i f i e d  thermal-structural  analysis OF a f ixed- f ree beam 
under thermal loading. The u n i f i e d  r e s u l t  i s  nezlrty coincident w i t h  the 
ana?y t i ca l  so lu t i on  whereas s i g n i  ficar;t; e r ro rs  are present i n  the conventional 
s o l u t i o n  f o r  the reasons c i t e d  above. 
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FIN I TE E ~ ~ E N T  
DJSTRI BUTIONS 
----- 
FINITE ELEMENT 
DISPLACEMENT PREDICTION 
Figure 13 
za 
SPACE SYSTEMS DIVISION CO 0 ANALYSIS CAPABILITIES - 
The IDEAS program ( f ig .  14) consists of 30 interdisciplinary applications 
modules t h a t  include structural, thermal, and control system model ing ;  
on-orbit static,  dynamic, and thermal loading analg’sis; structural -elP;meent 
design; surface accuracy analysis; antenna RF performance; and cost 
approximations. They reside on both  mainframe and super minicomputer 
systems. Data f i les  are transferable between the two computer systems. These 
modules are executable from remote intcractive graphics terminals. Processing 
and da ta  control are accomplished via simple efficient executive and da ta  base 
programs and f i le  mnagement routines. User prompts fo r  f i l e  names and 
unformatted da ta  i n p u t s  are provided. CRT graphic displays of finite-element 
models and o f  summary information (temperature contours, element loading 
hi;tograms, mode shapes, etc.) are presented t o  t h c  user for immediate 
assessment and interactive modification of the spacecraft andfor mission as 
neces s a ry . 
The primary IDEAS modules and basic functions of each module are shown i n  
figure 15. IDEAS was developed for multidiscipline spacecraft systems 
analysts  as opposed t o  single discipline specialists o r  computer systems 
experts. The executive, data base/file management routines and app l i ca t ions  
modules were selected t o  provide a rapid, cost-effective computer-aided design 
and analysis capability f o r  future large spacecraft systems concepts. The 
program i s  user friendly, prompting the  analyst w i t h  queries o r  requests f c  
unforrnatted i n p u t  d a t a ,  f i l e  names, processing paths,  etc .  The application. 
modules have been integrated t o  pass compatible, properly formatted filer, a..d 
d a t a  base information between single-discipline programs. 
Figure 1; 
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I 
A N  INTERACTIVE COMPUTER-AIDED ENGINEERING METHODOLOGY APPLIED TO THE 
CONCEPTUAL DESIGN AND ANALYSIS OF ADVANCED ORBITAL SPACtCRAFT 
CONSISTS OF A N  iNTEGRATED SET OF 40 INTERACTIVE TECHNICAL MODULES OPERATED 
UNDER EFFICIENT EXECUTIVE. DATA BASE AND FILE M ~ N A G E M ~ N T  SOFTWARE 
USED B Y  LaRC'S SPACE SYSTEMS D I V I S I O N  TO PERFORM DESIGN E V A L U ~ ~ I O N  A D 
PERFORMANCE ANALYSES FOR ADVANCED SPACECRAF!' SYSTEMS, PAYLOAD AND 
MI SSlONS 
TECHNiCAL MODULES INCLUDE 
e STRUCTURAL SYNTHESIZING AND 
F IN I TE ELEMENT MODELERS 
SPACECRAFT EVALUATED INCLUDE -
@ MI CROWAVE RADIOMETER SATELLITE 
@LAND MOBILE SATELLITE SYSTEMS 
@ STRUCTURAL ANALYSIS AND DESIGN SOLAR POWERED SPACE USERS 
[e THERMAL ANALYS 1 S I 025 kw POWER PLATFORM 
@EARTH RADIATION BUDGET SPACECRAFT 
eVOICE OF AMERICA BROADCAST SATELLITE 
@SINGLE PURPOSE vs LARGE MULT lM l  SSlON 
@ SPACE STATION CONCEPTS 
@ CONTROLS ANALYSIS AND DESIGN 
@ PROPULSION SYSTEMS 
0 SUBSYSTEM DESIGN 
@ HABITABLE MODULE SUPPORT SYSTEMS 
@ RF PERFORMAXE 
@ COSTS 
0 RELIABIL ITY 
Figure 15 
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SEMSITIV ITY DERIVATIVES 
We are developing the c a p a b i l i t y  t o  systemat ical ly p red ic t  the change i n  
responses such as displacements, temperatures, or stresses r e s u l t i n g  from a 
change i n  a design var iab le such as a beam cross-section dimension o r  a shear 
panel thickness ( f i g .  16). There are three p r i n c i p a l  uses f o r  ~ ~ ~ ~ ~ t ~ v ~ t y  
der i  vat ives--opt imizat ion methods frequent ly requi re  these der ivat ives as 
i npu t  t o  guide the search for  an optimum s t r u c t u r a l  design; Taylor ser ies 
approximate analyses requi re the der ivat ives f o r  use i n  the c lass ic  
f i r s t - o r d e r  Taylor ser ies ext rapolat ion;  and s e n s i t i v i t y  der ivat ives may 
provide useful  informat ion t o  designers on the e f f e c t s  of  changing c e r t a i n  
s t ruc tu ra l  dimensions. There i s  a growing recogni t ion o f  the need for 
sensi t i v i  ty capati  1 i ty i n  s t r u c t u r a l  analysis codes. Ford and Northrup have 
begun a cooperative e f f o r t  t o  fund bcMeal-Schwendler t o  i n s t a l l  s e n s i t i v i t y  
capab i l i t y  i n  NASTRAN. A ser ies of  indust ry  v i s i t s  revealed a strong i n t e r e s t  
i n  the quan t i f i ca t i on  o f  the e f f e c t s  o f  mater ia l  proper t ies on thermal and 
s t ruc tu ra l  response. 
capabi l i ty .  A t  Langley, we have i n s t a l l e d  s e n s i t i v i t y  capab i l i t y  i n t o  the 
EAL/SPAR s t ruc tu ra l  analysis code. 
several a i r c r a f t  s t ructures and an app l i ca t i on  t o  a space antenna has been 
i n i t i a t e d .  
This has prompted i n i t i a t i o n  o f  work on such a 
This capabi 1 i ty has been appl ied  t o  
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D € F I N I T ~ O ~  - € R l V ~ T l ~ €  OF A RESPONSE WITH RESPECT TO A 
USE OF SENStT1\11TY DERIVATlVES 
DESIGN I N F O R M ~ T I O N  AND TRENDS 
e TAYLOR SER IES EXTRAPOLAT1 ON 
@ INPUT TO OPTIMIZERS 
EXAMPLES: 
a u iav  U = DISPLACEMENT v =  MEMBER THICKNESS 
b T h e  T = TEMPERATURE e = EM1 SS I V I T Y  
GROWING RECOGNITION OF NEED IN ANALYSIS CODES 
FORD AND NORTHXUP FUNDING MSC TO INSTALL SENSITIVITY 
CAPAB I LlVY IN N , ~ S T ~ ~ ~  
ROCKWELL, TRW, GD, HARRIS CITED NEED TO ~~~~~ ~~~~~~~V~~~ 
OF T WITH RESPECT TO ~~~~~~~ ~~~~~~~~~~ 
Figure 16 
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OPTIMUM DESIGN FOR THERMAL DISTORTION C O ~ S T R A I ~ T S  
emphasis o f  our work i s  s t a t i c  cont ro l  o f  thermal d i s t o r t i o n  i n  
c r a f t .  A contract  wi th  the Perkin-Elmer Corp. has been i n i t i a t e d  t o  
address the problem o f  c o n t r o l l i n g  thermal d i s t o r t i o n  using the spa 
telescope as a t e s t  case ( f i g .  17). The space telescope op t i ca l  cu 
system has severe temperature const ra in ts  and they are met by using thermal 
coatings and heaters which are opt imal ly  designed but 111 a nOnaUtOMated 
manner. The purpose o f  the present contract  i s  t o  make an i n i t i a l  attempt t o  
automate a t  l eas t  par t  o f  the design process for the heaters and coatings and 
t o  apply r igorous mathematical opt imizat ion techniques t o  the problem. 
I 
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HEAT-PIPE RESEARCH AT LANGLEY 
Research i n  s t ruc tu ra l  appl icat ions o f  heat pipes has been performed t o  
18). The work was i n i t i a l l y  focused on a heat-pipe cooled leading 
concept for space transportat ion systems. A combined ana ly t i ca l  and t e s t  
program v e r i f i e d  the f e a s i b i l i t y  o f  such a concept. 
development o f  a heat-pipe sandwich panel concept which combines the thermal 
e f f ic iency o f  a heat pipe wi th  the s t ructura l  e f f ic iency of  a sandwich panel 
A recent ly completed study has demonstrated the fabricabi 1 i t y  o f  the concept 
and the performance f o r  high-temperature appl icat ions (01  1000°F). It i s  
planned t o  explore the appl icat ion o f  a heat-pipe sandwich panel t o  low- 
temperature appl icat ions such as a ?adiator f o r  a space stat ion,  and 
re f l ec to rs  f o r  space antennas. F ina l ly ,  it i s  planned t o  explore the thermal 
modeling o f  heat pipes by f i n i t e  elements under a NASA grant w i th  Georgia 
Tech. 
demonstrate t h e i r  feasi  b i  1 i t y  for cool ing high-speed f 1  i ght s t ruc tu  I : . ,  
The work l ed  t o  the 
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I N I T I A L  
m RAD IANT AND AE~OTHERMAL TESTS OF HCAT-P I PE-COOLED 
LEADING EDGE - VERIFIED FEASIBIL ITY OF CONCEPT 
RECENTLY-COMPLETED 
DESIGN, ANALYSIS, FABRICATION AND TESTS OF HEAT 
P I PE SANDWI CH PANELS 
PLANNED 
DEVELOPMENT OF A HEAT-P I PE FI NlTE ELEMENT FOR 
THERMAL ANLAY S I S 
DEVELOPMENT OF H I  GH-CAPAC ITY AND VARIABLE CONDUCTANCE 
HEAT P i  PE SANDWICH PANELS 
Figure 18 
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HEAT-PIPE SPNDWICH PANEL CONCEPT 
The heat-pipe sandwich panel concept i s  shown schematically i n  figure 19. The 
panel consists of a wickable honeycomb core, internally wickable facesheets, 
and an appropriate working fluid. For high-temperature applications, the 
working fluid could be either cesium, potassium or sodium. 
heat i s  absorbed a t  the heated face by the evaporation of the working fluid. 
The heated vapor flows (see inset) due t o  a pressure differential, t o  the 
cooler face where i t  condenses and gives up i t s  stored heat. 
completed with the return flow of liquid condensate back t o  the heated face by 
the capillary pumping action of the wickable core. 
allow intracellular vapor flow and i s  notched a t  bo th  ends t o  allow 
intracellular liquid flow along the faces. 
liquid and vapor i s  necessary t o  assure heat-pipe operations i n  the plane of 
the panel a s  well as through i t s  depth. I f  intracellular f l o w  is  limited, a 
local panel h o t  spot could cause the depletion of working fluid i n  one region 
of the panel and an accumulation of f l u i d  in another region, thus preventing 
normal heat-pipe operation. The faces are internally wickable t o  allow 
in-plane flow of liquid and to form a uniform film for evaporation, t h u s  
preventing local  hot spots in  the center of each honeycomb cell. The concept 
can accommodate many variations in the design o f  the internally wickable 
faces, choice o f  working f l u i d ,  and wickable core canfigtiration depending on 
the application. 
for materials compatibility problems o f  the working f l u i d  w i t h  a bonding 
agent. A summary o f  attractive Features o f  the hest-pipe sandwich phne? 
concept is given i n  figure 20. 
During operation, 
The cycle i s  
The core i s  perforated t o  
The intracellular flow of b o t h  
The all-welded manufacturing techn'ique elinitiates concern 
a 
FLANGES FOR BONDING 
HONEYCOMB TO FACESHEETS 
FigurP 19 
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COMBINES ADVANTAGES OF 
SANDWICH C O N S T R U C T ~ O ~  HEAT-P I PE S A N ~ ~ I  CH PANEL 
0 LIGHTWEIGHT AND STRONG 0 H I G H  STRENGTH-TO-WEIGHT RATIO 
0 GOOD STIFFNESS IN EACH DIRECTION 
@ SMOOTH SURFACES 
@RESISTANT TO BUCKLING CONTACT 
0 HIGH LOAD CARRYING CAPACITY 
0 INCREASED FATIGUE LIFE 
.FLAT - FOR BETER THERMAL 
0 D 1 STORTION-FREE 
I SOTHERMAL STRUCTURE 
0 GOOD HEAT TRANSPORT WITH 
0 TRANSPORTS LARGE QUANTITIES OF HEAT 
e PASSIVE (NO PUMP REQUIRED) 
* ISOTHERMAL 
0 NO MOVING PARTS (NO1 SELESS) 
e SELF-CONTAI NED (REDUNDANCY) 
HEAT PIPES DEV I CE 
e REDUNDANT - NOT SENSITIVE 
Figure 20 
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COMPARISON OF TEMPERATURE GRADIENT t i ISTORIES 
Potassium Working F l u i d  
Tests were performed t o  assess the performance o f  the heat-pipe sandwich panel 
w i th  two d i f f e r e n t  types of cores and three d i f f e ren t  working f l u i d s  
(potassium, sodfum, and cesium). Results were reported at the 21st A I M  
Aerospace Sciences t4eeting i n  a paper by Carnarda and Basiul is. 
representative resu l t  from tha t  paper i s  shown i n  f igure 21 which compares the 
thermal responses i n  a radiant heat t es t  of a potassium f i l l e d  t6,st panel 
denoted heat pipe and a control  panel denoted tlon heat pipe. The t e s t  
indicated the excel lent  performance of the heat-pipe sandwich panel i n  
reducing the peak-through-the-depth temperature difference by 46 percent. 
A 
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POTASSIUM WORKIRC FLillD 
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Figure 21 
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MODELiNG OF TRANSIENT HEAT-PIPE OPERATION 
A research task ou t l i ned  i n  f i g u r e  22 i s  Timed a t  the p red ic t i on  of  t r a n s i e n t  
behavior o f  heat pipes under normal ~ n r l  adverse operating conditions. 
procedure w i  11 be t o  develop heat-pipe ma.%matica\ models using lumped 
parameter methods-convert the r e s u l t i n g  q u s t i o n s  t o  f i n 1  te-element form and 
In tegrate the heat pipe f i n i t e  elenient w J t h  the remaining SPAR thermal 
elements i n  an overa l l  m d e l ,  The work i s  e\pected t o  be carr ied out under a 
NASA grant w i th  Georgia Tech under the d i r e c t i c ?  o f  Professor Coiwell. Among 
the features o f  the mathematical formulation are nonl inear behavior due t o  
temperature-dependent proper t ies and the assumpti on of  one-dimensional 
incompressible f l u i d  f low. The Adverse operating condi t io i*s N i l  1 include 
drying, rewett ing, and choking. The grant i s  being Jo i9 .1y  fv:s l i tored by the 
Loads and Aeroe las t i c i t y  D iv i s ion  and the Space Systenis 3 I b i .  Im. The 
capab i l i t y  r e s u l t i n g  from t h i s  work will be app l i cab l t  :c t ;:n;zation and 
trade studies being ca r r i ed  out  i n  the Space System D i v i c  r, r ' ich are being 
described in the Systeiris/Operations Technology panel a t  t:r I 3 .(..kshop. 
The 
45 
GOAL - iMPROVED HEAT PIPE MODELING CAPABIL ITY 
COMPATIBLE WITH STRUCTURAL THERMA!. MODELS 
APPROACH - NASA GRAKY WITH GEORGIA TECH (CCCWELL) 
- ADAPTATION OF LUMPED PARAMETER MODEL 
FEATURES - N O N L I N E A ~  ( T E ~ P E R A T U ~ E - D E P F ~ ~ E N T  MA ER I AL PROPERTIES) 
- ONE-D I MENS I ONAL, I NCOMPRE S S I BLE FLU I D FLOW 
- NEGLECTS START-UP FROM FROZEN, SUPERCR IT1 CAL STATE 
JOINTLY F'JNDED BY LAD, SSD AND OFFICE OF DIRECTOR 
WILL BE APPLICABLE TO O P T l M l Z A T l O N  AND TRADE STUDIES 
Figure 22 
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GRANTS AND CONTRACTS 
The Langley research program represents a mix o f  in-house work and supported 
e f f o r t s  through research grants and contracts. 
thermal -oriented grants and contracts being funded by the Loads and 
Aeroe las t i c i t y  Div is ion.  
continuations o f  long-term working relat ionships.  
exce l len t  cooperation between NASA and the outside organizations and have 
provided many instances o f  c r o s s - f e r t i  1 i z a t i o n  o f  ideas and concepts which 
have grown i n t o  a number of  s i g n i f i c a n t  research products. 
Figure 23 summarizes the? 
For the most par t ,  these grants and contracts are 
They have fostered 
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C; R A M /  CONTRACT NO. 
NSG -1266 
NSG -1321 
NAG-1-41 
NAS 1-14505 
NAG -1 -210 
NAS 1-16014 
NAS1-17152 
O R G A ~ I Z A T I O ~ /  P I  
V P I /  HAFTKA 
ODU/THORNTON 
UW/ EMERY 
GWU/ NOOR 
NWU/ LIU 
EIS I/ WHETSTONE 
PERK IN-ELMER/ 
BETTINI, COSTELLO 
Figure 23 
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T H E R M A L - S T ~ U ~ T ~ R A L  OPT ltvllZAT ION 
UNIFIED THERMAL STRUCTURAL FINITE 
ELEMENTS 
RADIATION VIEW FACTOR ANALYSIS 
APPROXIMATE THERMAL ANALYS 1s 
MIXED TIME -INTEGRATION METHODS FOR 
TRANSIENT rHERMAL ANALYSIS OF 
STRUCTURES 
DEVELOPMENT AND MAINTENANCE OF SPAR 
THERMAL ANALYZER 
OPTlMiZATION OF THERMAL DISTORTION 
CONTROL SYSTEMS 
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SURVEY OF INDUSTRY PRACTICES AND MEEDS I N  THERMAL-STRUCTURAL ANALYSIS 
OF SPACE STRUCTURES 
I n  January 1983, personnel o f  the Loads and Aeroe las t ic i t y  D i v i s i o n  v i s i t e d  
s i x  aerospace companies t o  discuss thermal -s t ruc tu ra l  analysis of space 
s t ructures ( f i g .  24). 
a synopsis o f  the observations gained dur ing these v i s i t s .  
needs were c i ted:  
It i s  f e l t  tha t  t h i s  workshop panel would benef i t  from 
The folloldaing 
1. 
2. 
3 .  
4. 
5. 
Integrated thermal /s t ructura l  analysis-  
Basica l ly  companies are using 10 year o l d  technology o f  in te r faced 
standard codes. 
S e n s i t i v i t y  and opt'lmi z a t i  on capabi 1 'it i es 
Improvzd modeling and e f f i c i e n t  computational techniques- 
Usually, simple elements are used which neglect the e f f e c t s  o f  
j o i n t s ,  shading, re f lec t ions ,  interelement rad iat ion,  etc. 
S e n s i t i v i t i e s  w i th  respect t o  thermal ls t ruc tu ra l  composite 
p roper t i  er - 
E f f e c t  o f  layup, mater ia l  const i tuents,  degradation i n  space are not 
adequately defined. 
L i t t l e  i s  being done in indust ry  o r  NASA. 
t Experimental v e r i f i c a t i o n  o f  models and codes- 
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CAPABl L iTY OF INTEGRATED THERMAL/STRUCTU~AL ANALYSIS 
SENSITIVITY AND OPTIMIZATION CAPABl  LITIES 
IMPROVED MODELING AND EFFICIENT C 5 ~ P U T A ~ l O r J A L  TECHNIQUES 
* T ~ E R ~ A L / S T R U ~ T U ~ A L  COMPOSITE M A T E ~ I A L  PROPERTIES 
EXPERiMENTAL VERIFICATION OF MODELS AND CODES 
Figure 24 
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This presentation is concluded by a list o f  planned activities for  the next 12 
months on topics related to the thermal area ( f i g .  25). 
install the view factor calculation program as a processor in SPAR to move 
another step closer to the goal of fully integrated thermal-structural 
analysis. 
thermal analysis mthod will be focused on antennas and space station 
components. Development of unified finite elements will continue with an 
emphasis on plate and shell elements. Initial attempts will be made to apply 
some of the optimization procedures (discussed in the structures panel) to 
coupled thermal-structural design problems for spacecraft. The sensitivity 
analysis work will include the effect on temperatures of changes in material 
properties such as emissivity and absorptivity. 
Perkin-Elmer as well as associated in-house work will be aimed at a 
computerized procedure f o r  rigorous design o f  systems to control thermal 
distortion in sensitive structures. Research on heat pipes will include an 
initiation of modeling efforts aimed at a finite-element representation of a 
heat pipe and a continuation of studies on the heat-pipe sandwich panel 
concepts. 
It I s  planned to 
Continued application of the reduced-basis approximate-transient 
The contract with 
INSTALL R A D I A T I ~ N  VIEW FACTOR CAPABIL ITY 1N SPAR 
APPLY REDUCED BAS1 S TRANSIENT THERMAL ANALYSIS TO SPACECRAFT 
e DEVELOP UNIFIED THEWM4L -STRUCTURAL FINITE ELEMENTS 
e INITIATE COUPLED O P T l M l Z A T l O N  APPLICATIONS FOR SPACECRAFT 
e SENSITIVITY ANALYSIS FOR TEMPERATURES 
COMPUTER IZED PROCEDURE FOR CONTROL OF THERMAL DISTORTION 
HEAT P I P E  FINITE ELEMENT MODELING 
HEAT PIPE SANDWICH PANEL STUDlES 
Figure 25 
